[1] A self-consistent approach to superthermal electron (SE) transport along closed field lines in the inner magnetosphere is used to examine the concept of plasmaspheric transparency, magnetospheric trapping, and SE energy deposition to the thermal electrons. The dayside SE population is generated both by photoionization of the thermosphere and by secondary electron production from impact ionization when the photoelectrons collide with upper atmospheric neutral particles. It is shown that a self-consistent approach to this problem produces significant changes, in comparison with other approaches, in the SE energy exchange between the plasmasphere and the two magnetically conjugate ionospheres. In particular, plasmaspheric transparency can vary by a factor of two depending on the thermal plasma content along the field line and the illumination conditions of the two conjugate ionospheres. This variation in plasmaspheric transparency as a function of thermal plasma and ionospheric conditions increases with L-shell, as the field line gets longer and the equatorial pitch angle extent of the fly-through zone gets smaller. The inference drawn from these results is that such a self-consistent approach to SE transport and energy deposition should be included to ensure robustness in ionospheremagnetosphere modeling networks.
Introduction
[2] It is generally recognized that there is a need to better understand the coupling processes between inner magnetospheric plasma populations, fields, and regions. Self-consistent calculations, including global modeling that links the inner magnetosphere to other regions of geospace, must continue to be developed to provide a global forecast of the space plasma environment. In addition, improvements are needed to correctly describe of the different populations in inner magnetosphere, keeping in mind the applicability of the different sets of transport equations involved in the corresponding self-consistent coupling loop.
[3] Among such populations are the superthermal electrons (SEs), which are the major energy contributors, via Coulomb collisional processes, to the ionosphere and inner plasmasphere [see Khazanov et al., 2000, and references therein] . SE escape from the ionosphere to the plasmasphere is controlled by strong Coulomb coupling with the thermal plasma distribution along the entire length of the magnetic field line. The plasma distribution along the field line, in turn, is controlled by electron and ion temperature distributions that are mostly determined by SE heating of the thermal electrons [Khazanov, 2011] . Khazanov et al. [1984] originally recognized the need for such self-consistent SE coupling with the thermal plasma of the inner magnetosphere when considering the plasmaspheric refilling process. Very recent studies by Varney et al. [2012] also recognized this need and coupled photoelectron calculations with the SAMI2 code developed by Huba et al. [2000] to study the energy deposition processes of photoelectrons at the low-latitude station of Jicamarca, over a range of altitudes from 90 to 1650 km (L = 1.26).
[4] One of the first observations of conjugate photoelectrons was by Peterson et al. [1977] , who noted SE fluxes in the ionosphere before the satellite crossed the terminator onto the dayside. Several other studies [e.g., Woods et al., 2003; Richards and Peterson, 2008] place an observational constraint on the amount of SE trapping within the magnetosphere as well as on the amount of SE backscatter from the conjugate ionosphere traveling back toward the original ionosphere.
[5] Previous numerical calculations have explored the relationship between SE escape from the dayside ionosphere and their scattering and energy deposition to the thermal electron population within the magnetospheric segment of the field line. Original efforts to include the magnetospheric flight of photoelectrons along closed field lines between conjugate ionospheres were conducted with the field line interhemispheric plasma (FLIP) model [Young et al., 1980] . This code solves a two-stream equation for SE transport within the two conjugate ionospheres and then applies an efficiency factor to account for plasmaspheric energy loss as the SE move through the magnetosphere between the two ionospheres. The energy lost by the SE was considered as a source term for thermal electron magnetospheric heat flux back into the topside ionosphere. This model was used in numerous studies [e.g., Richards et al., 1983; Newberry et al., 1989; Buonsanto et al., 1997; Liemohn et al., 2004 ] to quantify energy input to the thermal plasma from energetic particle populations in the inner magnetosphere.
[6] The two-stream transport code was originally developed for photoelectron fluxes at Earth more than 40 years ago by Banks and Nagy [1970] and Nagy and Banks [1970] . Since that time, it was routinely used by many studies to examine SE transport in both Earth and planetary ionospheres. Richards and Peterson [2008] carry on the two-stream code legacy in a very recent study by showing an excellent comparison of calculated backscattered photoelectron fluxes in the dark ionosphere with corresponding FAST satellite data. As was pointed out by Lejeune [1978] many years ago in his paper, ". . .the two-stream calculation can give accurate results in any case, if angular distribution is not requested, when one chooses the mean pitch-angle cosine equal to 0.5 or 0.577, instead of 3/8 originally chosen by Nagy and Banks [1970] ". We italicized the word "chooses" here because this is an intrusion in the physical formalism of the two-stream code. Note, however, that the two-stream "formalism" is mostly phenomenological and cannot be derived starting from the first principles of plasma kinetic theory. In later usage of two-stream code by Newberry et al. [1989] , a comparison was made between data from the retarding ion mass spectrometer on the Dynamics Explorer 1 (DE 1) satellite and the FLIP model. In this case, the FLIP model included a phenomenological factor (trapping factor) to represent the amount of energy lost to the plasmasphere from the photoelectrons, and the study concluded that good agreement between the calculated and measured ion temperatures is achieved when approximately 55% of the total photoelectron flux is trapped in the plasmasphere. Contrary to this conclusion, Richards and Peterson [2008] found "that photoelectrons are able to travel the long journey from the sunlit hemisphere to the satellite without significant degradation indicating that pitch-angle scattering and trapping of photoelectrons in the magnetosphere may be small." This statement, however, contradicts the 55% SE energy trapping discussed by Newberry et al. [1989] that conformed to the rigorous kinetic SE calculations by Khazanov and Liemohn [1995] .
[7] Khazanov et al. [1994] developed a numerical formulation for simulating SE transport along a closed field line, and Khazanov and Liemohn [1995] expanded this into both a numerical model and phenomenological model of SE interplay within the ionosphere-plasmasphere system. Liemohn and Khazanov [1995] conducted a systematic study quantifying the heating rates imparted to the thermal electrons along the field line, which was followed by the more general study of , that placed the photoelectron heating rates in the context of other midlatitude energy sources to the thermal plasma. A more global approach to SE transport within the inner magnetosphere was used by Khazanov et al. [1996 Khazanov et al. [ , 1998 ], who applied a bounce-averaged kinetic equation model to the problem of SE fluxes and energy deposition. and Khazanov and Liemohn [2002] further explored the day-to-night SE transport and the SE energy deposition to thermal plasma relative to other energy sources.
[8] Because of the interconnection between the ionospheric source and the plasmaspheric trapping and storage of SE, we have developed a comprehensive kinetic theory of SE transport that is equally valid in the ionosphere and in the plasmasphere and that self-consistently couples the conjugate magnetospheric hemispheres [Khazanov et al., 1994; Khazanov, 2011] . It has been shown in these studies that such a self-consistent approach produces significant changes in the SE distributions compared with "pure" ionospheric or plasmaspheric calculations and must be included in a future ionosphere-magnetosphere modeling network. This paper continues the aforementioned studies and focuses on the ionosphere-plasmasphere energy interchange, specifically the SE flux escaping from the ionosphere to the conjugate region. In this paper, we decided to discuss the only one aspect of the two-stream application: the ionosphere-plasmasphere transport of photoelectrons. Our conclusions, however, are equally valid for the secondary electrons that are produced by precipitation of the high energy electrons of magnetospheric origin.
SE Model
[9] The starting point of our SE ionosphere-plasmasphere coupling study for energies E > 1-2 eV is the following field-aligned, guiding-center kinetic equation [Khazanov, 2011] 
[10] This equation determines the differential number flux distribution f in along a magnetic flux tube in gyrationaveraged phase space. The independent variables are time t, the distance s along the field line, kinetic energy E of the electrons, and cosine of the local pitch angle m = cosa. Other forces, for instance the electric fields, are included in F. The inhomogeneity of the geomagnetic field (@B/@s) is also accounted for. Q represents the source of electron population due to two illumination sources: direct solar illumination and scattered light illumination. The equation also accounts for elastic and inelastic scattering with upper atmospheric neutrals as well as with thermal electrons and ions along the entire flux tube. Those collisions are represented by the S term in equation (1). For full details regarding S, see Khazanov [2011] . We note that the collision term S also includes the production of secondary (tertiary, etc.) electrons in the upper atmosphere. As a result, the resulting differential number flux distributions represent the total electron spectra.
[11] The results presented are determined by a solution to the kinetic equation along a closed magnetic field line. Moreover, it is solved at the same time for the two conjugate ionospheres as well as the plasmasphere. The advantage of this unified approach is that no artificial boundaries are introduced between the ionosphere and the magnetosphere during the determination of the SE distribution along the complete length of the field line. Avoiding such artificial boundaries sidesteps uncertainties introduced by specifying these boundary conditions explicitly. The solution to the kinetic equation completely accounts for backscattered electrons and treats the "loss cone" and "trapped zone" photoelectron populations together rather than separately. This approach is applicable to arbitrary illumination conditions.
[12] To perform the calculations as well as benchmarking our results with all our previous calculations, we used the following input for our SE model. The Hinteregger [1981] model provided Solar EUV and X-ray radiation spectra, and the MSIS-90 model [Hedin, 1991] provided the neutral thermospheric densities and temperatures. The IRI model [Bilitza, 1990] provided the field-aligned thermal electron density information in the ionosphere. That solution was extended to plasmasphere by assuming that the thermal electron density n e in the plasmasphere is proportional to the geomagnetic field strength B. Specifically, we made two such assumptions: n e~B , corresponding to a filled plasmasphere [Newberry et al., 1989] ; and n e~B 2 , indicating an intermediate step during plasmaspheric refilling [Khazanov et al., 1984) . The photoabsorption and photoionization cross sections for O, O 2 , and N 2 are provided by Fennelly and Torr [1992] . O 2 and N 2 partial photoionization cross sections are from Conway [1988] . The partial photoionization cross sections for O are taken from Bell and Stafford [1992] . Elastic scattering cross sections as well as state-specific excitation and ionization are from Solomon et al. [1988] . The calculations were all performed for noon mangetic local time (MLT) at equinox, with F 10.7 and <F 10.7 > values of 150, which indicate symmetric conditions in the conjucate atmospheres with typical solar radiation intensity levels.
[13] We note that the use of new Solar EUV and X-ray radiation spectra data-like those obtained, for example, by the Chamberlin et al. [2007, 2008 ] model-will not change the conclusions that are derived from our results below.
SE Escape Into the Plasmasphere
[14] SE motion in the inhomogeneous geomagnetic field and Coulomb collisions with the background thermal plasma are the two primary processes controlling the behavior of SE in the plasmasphere. (Note that the two-stream model neglects the divergence of the geomagnetic field.) Direct observations by Galperin and Mulyarchik [1966] indicated that the motion of SE in the plasmasphere is subject to collisions. This is true although the mean free path of SEs significantly surpasses the characteristic spatial scale of the thermal plasma density along the geomagnetic field line. Some qualitative discussion of electron trapping and the associated plasmaspheric heating was provided by Sanatani and Hanson [1970] and Nagy and Banks [1970] ; however, Gastman [1973] , Takahashi [1973] , and Lejeune and Wormser [1976] provided the first attempts at quantitative calculations. In this section, we will demonstrate, based on theoretical considerations, the importance of pitch angle diffusion due to Coulomb collisions to SE transport in the plasmasphere.
[15] The kinetic Boltzmann equation for the SE above 1000 km is given by [Khazanov, 2011] :
where m is the cosine of the pitch angle, f = Φ/E is the distribution function of the SE, Φ is the flux of the electrons, E is the energy of the electrons, and s(s) = B(s 0 )/B(s), where B(s 0 ) and B(s) are the magnetic field intensities at the boundary between the ionosphere and plasmasphere and a distance s along a given field line, respectively. We choose appropriate values at the boundaries for a given calculation. The terms on the left-hand side of equation (2) describe changes to the SE distribution due to motion in an inhomogeneous magnetic field. The terms on the right-hand side describe changes in energy and pitch angle resulting from collisions with the thermal plasma. The second term on the righthand side of equation (2) describes the pitch-angle diffusion. This term is only indirectly included in the SE transport twostream formulation as a backscatter probability, based on pitch angle diffusion rates. Furthermore, this term is only used in the ionosphere, whereas in the plasmasphere the two-stream approach simply applies a chosen or data-fitted trapping efficiency attenuation factor. The inclusion or magnitude of this term seems to depend on the particular study. Richards and Peterson [2008] indicate that pitch-angle diffusion in their study was negligible, whereas the term was found to be quite significant in the study by Newberry et al. [1989] .
As shown below, pitch-angle diffusion plays a very important role in the plasmasphere compared with the first term on the right-hand side of equation (2) that represents SE energy losses.
[16] In the simplified case where collisions are neglected and the ionosphere is the only source of electrons, the distribution function at the foot of the field line (s 0 ) uniquely determines the solution at every point along the line. This is due to conservation of the first adiabatic invariant. The cosine of the pitch angle, m, at any particular point, s, along the field line can be related to its value at the base (s o ), written as m s0 , and can be expressed by
[17] Given that m s0 is real, the pitch angle a point s is bounded by
[18] The inequality described in equation (4) defines a family of possible trajectories in the (s,m) plane. These solutions correspond to region I, as shown in Figure 1 . Figure 1 illustrates how the pitch angle becomes more field aligned as the electrons traverse the distance from the ionosphere toward the magnetic equator and then becomes more perpendicular as they approach the conjugate ionosphere. Particles corresponding to this region can move freely between conjugate hemispheres and are denoted as "precipitating," "free," or "fly-through" electrons.
[19] Electrons that are trapped by the geomagnetic field are defined by the following:
Such particles are represented by region II in Figure 1 and move in the (s, m) space in closed paths, along trajectories, L II . The reflection points, s ref , are uniquely determined by the value of the pitch angle cosine, m 0 , at the equator(s = 0), which is
where s 0 = s(0) = B(s 0 )/B(0). Likewise, we can use the condition m = 0 to find the reflection point as follows:
[20] When collisions are neglected, the populations in the trapped and fly-through regions are independent because there are no collisions to facilitate the exchange of particles between the trapped and fly-through regions. The trapped electron population is therefore a consequence of direct SE production in this zone. These sources are extremely small in the plasmasphere, and it is thus reasonable to assume that f II = 0. In this case, the thermal electron heating rate due to these SEs for any position along the field line can be expressed as [Khazanov, 1979] :
We assumed in this derivation that the SE flux is isotropic at the base of the field line and that the integration over m took into account inequality (5).
[21] The preceding analysis completely neglected the effects of collisions in the plasmasphere; accounting for those collisions significantly changes the final result. This is true even in the case that the mean free path of the SEs l~E 2 /An e is greater than the characteristic length of the field line H s~s /ds/ds. We demonstrate this fact by examining the pitch angle diffusion, represented in the second term on the right of equation (2),
where Δm is the width of the fly-through zone at s = 0 (s = s 0 ). The value of Δm can be written as
where m 0b corresponds to that pitch angle at the equator which results in reflection at s = s o . Equation (10) can be evaluated by using equation (7) and recognizing the fact that m 0b is close to unity, giving
Putting equation (11) back into equation (9) demonstrates that pitch angle diffusion alters the distribution function over a length scale of l/2s 0~Hs . Because s 0 ≫ 1 for mid-and high-latitude field lines, we must account for pitch angle diffusion even when the mean free path is much greater than the characteristic length of a field line. A clear way to understand this result is to notice that the pitch angle width of region I is extremely narrow near the equatorial plane. Therefore, even small angle deflections will result in electron trapping. This result, as we pointed out earlier, is completely missing in the two-stream code formulation.
The Phenomenology of SE IonospherePlasmasphere Transport
[22] Let us continue with a qualitative discussion of SE transport in the ionosphere-plasmasphere system. Following Khazanov [2011] , we introduce the following quantities: e is the fraction of SE lost in the plasmasphere; b is the part of SE energy returned from the plasmasphere due to the electron scattering into the loss cone; a = 1 À e À b is the "pure" part of plasmaspheric transparency; and A 1 and A 2 are the SE albedos of each ionosphere, respectively, in its conjugate hemisphere. The plasmaspheric transparency is defined as the ratio of the number of particles leaving one end of a magnetic flux tube to the number of particles entering at the other end,
Here, s 1 is the ionosphere-plasmasphere boundary altitude, taken to be 800 km in the present study, B 0 and m 0 denote the magnetic field and the cosine of the pitch-angle at the magnetic equator of the flux-tube, respectively, and
is the loss cone boundary.
[23] Previous studies of "pure" plasmaspheric SE transport demonstrated that transparency has strong dependence on a parameter proportional to the Coulomb cross section and to the complete thermal electron content in a magnetic flux tube Figure 1 . Illustration of the trapped or capture {II} and precipitation "fly-through" {I} zones in the s-m plane (white and shaded regions, respectively). The solid lines are representative trajectories of trapped electrons. [Takahashi, 1973; Lejeune and Wormser, 1976; Krinberg and Matafonov, 1978; Khazanov et al., 1992] . Given that processes such as diffusion into the trapped region, reflections resulting from elastic collisions with neutral and charged particles in the ionosphere, and the redistribution of the flux at low energies due to interactions with neutral and charged particles are included in equation (1) enables plasmspheric "transparency" to recover its traditional definition (12) [Khazanov et al., 1994] .
[24] Figure 2 is a schematic of the ionosphere-plasmasphere system along a closed field line of the inner magnetosphere. At the interface between the first ionosphere (on the left) and the magnetospheric segment of the field line, two hemispheric fluxes can be defined: an upward SE flux escaping from the ionosphere, denoted by F þ 1 , and a downward SE flux precipitating into the ionosphere, F À 1 . A similar pair of fluxes can be defined in the second ionosphere (on the right), with the upward escaping SE flux denoted by F À 2 and the downward precipitating SE flux defined as F þ 2 . The definitions are chosen such that the two " + " fluxes are in the same direction and the two "À" fluxes are flowing in the opposite direction along the field line.
[25] By taking into account multiple reflections in the ionosphere and plasmasphere, the unidirectional fluxes F þ 1 ; F þ 2 at the boundaries of the ionosphere and plasmasphere can be presented in the form
Here, F þ 01 andF À 02 are the fluxes entering the plasmasphere from the local ionospheres. These particles are generated in the ionosphere by photoionization or impact ionization processes.
[26] Using equations (13)-(15), we can now derive an expression for the fluxes that are escaping from the ionosphere to the plasmasphere and plasmaspheric transparency
In particular, we can use these expressions to find the phenomenalogical coeficients by considering limiting cases: symmetic conditions of illumination, asymetric conditions of illumination with no SE source in the second ionosphere, and asymetric conditions of illumination with no backscattering in the unilluminated ionosphere. Moreover, consideration of these limiting cases will demonstrate that the transparency is only rarely dependent on the pure part of the transparency alone but is often also dependent on other aspects of ionosphere-plasmasphere coupling.
[27] When we have symmetric conditions of illumination in the conjugate hemispheres (F þ 01 ¼ F À 02 ¼ F 0 , and A 1 = A 2 = A), these quantities can be presented as
[28] We consider a second scenario with no source of SE in the second ionosphere F
[29] Finally, we consider a case with no backscattering in the unilluminated ionosphere (F À 02 ¼ 0 and A 2 = 0):
Figure 2. Schematic of SE flux definitions in the ionosphere-plasmasphere system.
[30] Equations (16)- (23) demonstrate that ionosphereplasmasphere coupling processes determine the SE fluxes. The quantity T is not identical to the "pure" part of the plasmaspheric transparency a; rather, it can be smaller or, more often, larger than a due to pitch angle scattering and energy degradation within the magnetospheric segment of the field line.
Results and Discussion
[31] The two-stream calculation and our approach have different theoretical underpinnings and different representations of the physical processes underlying SE transport. Therefore, we use the phenomenological model described in section 4 to compare these formalisms and assess the importance of including different physical processes by determining coefficients appropriate to each model. For our kinetic calculations described in section 2, the coefficients are found by considering limiting cases, and their associated equations in the section 4. We also use the same approach to compare our results with the rigorous SE kinetic studies presented by Krinberg and Matafonov [1978] that had been performed using some simplifications in the calculations of the plasmaspheric transparency.
[32] The solution of the kinetic equation (1) allows us to determine the plasmaspheric transparency as defined by equation (12) and based on equations (18), (21), and (23) to find several quantities: the "pure" plasmaspheric transparency (<a>); the part of SE energy reflected from the plasmasphere to the source ionosphere (<b>); and atmospheric albedo (<A>). The angle brackets denote integration over the energy range of 1-125 eV. This represents the most active SE energy range that provides approximately 100% of the energy deposition to the thermal electrons in the plasmasphere. Using the relation <a> + <e> + <b> =1, we also can find <e>, the fraction of energy trapped within and lost to the plasmasphere. Such calculations are presented in Table 1 for the different L-shells and plasma distributions along the field lines with omission of the angle brackets. For simplicity, we also have omitted all these angle brackets below, remembering that we deal with all parameters integrated over the energy range of 1-125 eV.
[33] As follows from Table 1 , the amount of the total energy that is redistributed inside of the ionosphere-plasmasphere system can vary greatly. This variation depends on several factors, most notably the conditions of illumination and reflection in the conjugate ionospheres, the L-shell of the magnetic field line (which determines the path length through the magnetosphere) and the plasma distribution along the geomagnetic field line. Approximately 25%-60% of the SE energy escaping from the ionosphere is carried all the way into the conjugate ionosphere, and only approximately 20% is returned to the original ionospheric region. The rest of the energy, approximately 25%-60%, is deposited to the plasmaspheric thermal electrons. This trapped energy is absorbed by the thermal electron and eventually returns to the conjugate ionospheres as a magnetospheric energy flux carried by the core electrons.
[34] Now let us discuss the backscatter process by the dark thermosphere. The coefficient A, defined earlier as an ionospheric albedo, represents the probability of the SEs scattering back to the plasmasphere and conjugate region of the ionosphere. To deal with the backscatter coefficient of the dark ionosphere, we go to our phenomenological SE model presented in the previous section and define a backscatter coefficient,Â, based on the fluxes F þ 2 and F À 2 that are determined by equation (16) and take into account ionosphere-plasmasphere SE coupling processes. In this case,Â ¼ F À 2 =F þ 2 (new expression for the albedo) can be presented aŝ
As follows from parameter values presented in Table 1 , the ionosphere-plasmasphere SE coupling processes have a noticeable influence on a total ionospheric backscatter. The value of this coefficient,Â , is comparable with the results of the FAST measurements and the calculation by Richards and Peterson [2008] , showing that approximately 55%-60% of the precipitating flux energy is backscattered from the thermosphere back to the conjugate hemisphere.
[35] We can now evaluate how SE ionosphere-plasmasphere coupling processes contribute to the formation of SE integrated fluxes at the boundaries of the ionosphere and plasmasphere. Figures 3 and 4 present results that are calculated for the symmetric and nonsymmetric conditions of illumination in the conjugate ionospheric regions and are based on equations (16)- (21) of the SE phenomenological model discussed in the previous section. These plots show the normalized energy fluxes flowing out of (and into) the first ionosphere F AE 1 =F 0 À Á and out of (and into) the second ionosphere F AE 2 =F 0 À Á . Here, we also consider different thermal plasma density distributions along the geomagnetic field lines, with the left half of the figure calculated for n e~B , and the right half of the figure calculated for n e~B 2 , which is more appropriate for conditions during the refilling of depleted flux tubes.
[36] For each L-shell, we present results from three different cases of SE flux calculations that are characterized by the influence of different ionosphere-plasmasphere processes. In both figures, each of these cases, with different included factors in the flux calculation, corresponds to a different color. The red bars correspond to the case when there is no SE trapping in the plasmasphere via Coulomb collisional processes and no backscatter of the trapped SE energy from the plasmasphere (a = 1; b = 0). Such a situation is represented in the FLIP model [Young et al., 1980; Richards et al., 1983 Richards et al., , 2000 , which calculates major and minor ion densities and ion and electron temperatures along closed magnetic field lines from 90 km in the northern hemisphere to 90 km in the Banks and Nagy, 1970] to efficiently calculate thermal electron heating and secondary ion production rates. The blue bars correspond to the case of b = 0, represented in the Krinberg and Tashchilin [1984] SE plasmaspheric energy deposition scenario when photoelectron plasmaspheric transparency had been found with an assumption of an infinite plasmaspheric trapped zone [Khazanov et al., 1992] . In this case, electrons are allowed to scatter into the trapped zone but there is no return flux ("backscatter") from the trapped zone back into the loss cone.
[37] Looking at the calculated parameters for the abovementioned two cases presented in this figure and comparing them to the case when all processes are included (the color yellow on Figures 3 and 4) , we conclude that for some of the parameters that are shown in these figures, a robust, selfconsistent description of SE transport in the ionosphere and plasmasphere is absolutely crucial. We also conclude that the contribution of the different backscattering processes in the ionospheric SE energy escape is a complicated function of L-shells and thermal plasma density distribution along geomagnetic field lines, emphasizing the necessity to consider the ionosphere and plasmasphere as one coupled system.
[38] As a consequence of these results, we infer that any simplification in the description of SE ionosphere-plasmasphere transport or disregard of some of the physical processes that form the SE distribution could lead to differences in calculations of the normalized SE flux by factors of 2 to 4. This implies that a self-consistent approach to SE ionosphere-plasmasphere transport produces significant changes in the SE energy exchange between the plasmasphere and the magnetically conjugate ionospheres compared with "pure" ionospheric or plasmaspheric calculations. For this reason, such an approach must be included in a future ionospheremagnetosphere modeling network.
[39] Finally, let us discuss ionosphere-plasmasphere energy deposition processes. The plasmaspheric transparency presented by equation (12) was defined in terms of the ratio of unidirectional fluxes. Let as redefine this value in terms of the omnidirectional fluxes that are needed for energy deposition calculations. In this case, the plasmaspheric transparency will be given as
and, based on equations (13)- (15), does not depend on the condition of illumination in the conjugate ionospheres. This result is identical to the transparency calculation of equation (18) that was found through the unidirectional fluxes when illumination condition in the both ionospheres was the same. This means that the usage of plasmaspheric transparency in the energy deposition calculation as is defined by equation (18) and used by Krinberg and Tashchilin [1984] and do not represent properly the arbitrary condition of illumination in the conjugate ionospheres.
[40] Now let us compare the omnidirectional fluxes at the plasmaspheric boundaries in the conjugate ionosphere by introducing the following parameter, R,
Given the calculation of this ratio for the different condition of illumination in the conjugate ionospheres with the SE fluxes defined as equations (13)- (15), one can get the following relations
Because the omnidirectional SE fluxes determine the energy deposition to the thermal ionospheric electrons, even ionospheric nonlocal heating must be determined by taking into account ionosphere-plasmasphere SE transport. If, for example, in equation (27), a = 1 and b = 0, coefficients that represent energy deposition calculation on the basis of the two-stream code, R sym /R nsym = 1. That means that the FLIP code not only underestimates plasmaspheric heating of the thermal electrons in the magnetosphere but also overestimates energy deposition of SE to the nonlocal heating of ionospheric plasma. Figure 5 , presented in the same format as Figures 3 and 4 shows the results of R nsym and R o . Here, Ro is the omnidirectional flux ratio in the region I for the symmetric and nonsymmetric condition of illumination
[41] These parameters are calculated for the different L-shells and thermal plasma distribution along the field lines. There are very clear quantitative differences between these parameters when different approaches to ionosphere-plasmasphere SE transport have been used. As one can notice, for the same ionospheric sources, the FLIP code does not depend on L-shell parameters and density distribution of the thermal plasma along the geomagnetic field lines. As we mentioned in the introduction of this paper, this conclusion is consistent with work by Richards and Peterson [2008] .
Conclusion
[42] This study presented a detailed, self-consistent calculation of SE transport along closed field lines in the inner magnetosphere. This approach was used to examine the quantities of plasmaspheric transparency, ionospheric albedo, magnetospheric trapping, and SE energy deposition to the thermal plasma. It was determined that the influence of pitch angle scattering by Coulomb collisions along the magnetic field line can be significant, although the SE mean free path is quite long, because the pitch angle width of the loss cone is very narrow near the equator and thus even small angle deflections will result in electron trapping.
[43] Because of this small but significant scattering process acting on the SEs as they traverse the plasmasphere from one ionosphere to the other, the amount of magnetospheric trapping varies as a function of L-shell, thermal plasma distribution along the field line, and solar illumination in the two conjugate ionospheres. As the field line length increases with L-shell, the magnetospheric trapping increases and the SE plasmaspheric transparency decreases. These effects, however, depend on the thermal plasma density distribution along the field line, with the effect being more pronounced along fully filled flux tubes than along depleted field lines undergoing plasmaspheric refilling (e.g., during and after magnetic storms). Interestingly, the SE plasmaspheric transparency also depends on ionospheric conditions. The solar illumination and ionospheric albedo change the upward SE flux leaving the ionosphere and entering the magnetospheric portion of the flux tube. Because the electrons can be backscattered multiple times, the conditions in both ionospheres play a key role in modulating the SE flux in the magnetosphere, therefore changing the total number of SE particles captured in the magnetospheric trap, which in turn affects the overall plasmaspheric transparency value (transparency increases with the upward ionospheric SE flux).
[44] It was found that the influence of these factors on SE plasmaspheric transparency could be significant. For the L = 2 field line, the energy-integrated (from 1 to 125 eV) plasmaspheric transparency can be as low as 0.455 and as high as 0.779, changing by nearly a factor of two. The range becomes larger at higher L-shells, however, with the L = 6 field line having a plasmaspheric transparency variation from 0.217 to 0.726, more than a factor of three difference. Therefore, it is concluded that the quantity of SE plasmaspheric transparency is a complicated function of many factors. [45] We further used a phenomenological model to compare our kinetic approach, which includes all processes important to SE transport, with other approaches that do not fully account for all relevant processes. The comparison demonstrated that simplifications in the description of SE ionospheremagnetosphere transport, or disregard of important physical processes such as pitch angle scattering, lead to differences in the normalized flux by factors of 2 to 4.
[46] The complex dependence of SE transport on multiple factors has implications for interpreting high-altitude electron measurements and for developing global coupled modeling networks. Because these electrons are a dominant heat source for the low and mid latitude ionosphere and are capable of traveling significant distances before depositing their energy, the processes of interhemispheric transport and nonlocal heating are critical to accurately predicting a wide array of geospace quantities. Thus, SE transport should be robustly and self-consistently calculated within the ionosphere-magnetosphere system with a model that accurately resolves the scattering, trapping, and interplay of particles along the field lines between the conjugate ionospheric regions.
